Apart from some gaps due to the adverse weather conditions the measurements are well distributed throughout the year. Comprehensive information about the activity of mediumand low-frequency gravity waves was extracted from this data set. The dominating vertical wavelengths found are between 10 and 20 km and do not show any seasonal variation. In contrast the temperature fluctuations due to gravity waves experience a clear annual cycle with a maximum in winter. The most significant differences exist around 60 km where the fluctuations in winter are more than two times larger than they are in summer. Only small seasonal differences are observed above 90 km and below 35 km. Generally, the fluctuations grow from about 0.5 K up to 8 K between 20 and 100 km. Damping of waves is observed at nearly all altitudes and in all seasons. The planetary wave activity shows a similar structure in altitude and season as the gravity wave activity which indicates that similar mechanisms influencing different scales. Combining the monthly mean temperatures and the fluctuations we show that the transition between winter and summer season and vice versa seems to start in the mesopause region and to penetrate downward.
Introduction
In recent years gravity waves in the atmosphere have been the subject of intense research because they play a decisive role for atmospheric circulation, structure, variability and composition (see review by Fritts and Alexander, 2003, and references therein) . Generated in the troposphere/lower stratosphere gravity waves propagate upward and deposit their energy and momentum when breaking or being filtered. They greatly influence the winds and thermal structure of the middle and upper atmosphere (e.g. Lindzen, 1981; Holton, 1982; McLandress, 1998; Holton and Alexander, 2000) .
A number of different techniques have been used to observe and analyse gravity waves in the lower, middle and upper atmosphere (e.g. Wilson et al., 1991b; Eckermann et al., 1995; Fritts and Hoppe, 1995; Hertzog et al., 2002) . However, there have been only few measurements which resolve gravity waves with small vertical and horizontal scales and short periods. These include measurements by satellites (e.g. Wu and Waters, 1996a; Krebsbach and Preusse, 2007; Sofieva et al., 2007; Alexander et al., 2008) , radars (e.g. Nakamura et al., 1996; Serafimovich et al., 2005) , OH-Imagers (e.g. Stockwell and Lowe, 2001; Suzuki et al., 2004) , radiosonde soundings (e.g. Allen and Vincent, 1995; Vincent and Alexander, 2000) and rocket soundings (e.g. Eckermann et al., 1995; Rapp et al., 2004) . The lidar is the only technique which has an appropriate time and height resolution over the entire altitude range from the troposphere up to the lower thermosphere for resolving low-and mediumfrequency gravity waves, which are an important part of the wave spectrum (see review by Fritts and Alexander, 2003) . But most gravity wave analyses of lidar measurements cover only a small altitude range because only one single lidar Published by Copernicus Publications on behalf of the European Geosciences Union. technique is used (e.g. Gardner and Voelz, 1987; Wilson et al., 1991a,b; Schöch et al., 2004) . Just a few case studies include the whole altitude range relevant for gravity waves from their source (troposphere/lower stratosphere) to their main dissipation region (mesosphere) (e.g. Dao et al., 1995; Sica et al., 1995; Williams et al., 2004) . These case studies do not allow to analyse the seasonal variation of gravity wave activity.
The purpose of this paper is to present mean features of gravity wave activity at mid-latitudes as function of season and altitude using the combined data set of two lidars. The main focus is the analysis of vertical wavelengths, amplitudes and potential energies in the stratosphere and the mesosphere. This kind of ground-based observation is needed to understand the spectrum of gravity waves present in the atmosphere. Here, temperatures between 1 and 105 km are measured. They are calculated from data of two different lidars, namely a Rayleigh-Mie-Raman lidar (RMR lidar) and a potassium lidar. Both are operated at the Leibniz-Institute of Atmospheric Physics (IAP) in Kühlungsborn, Germany (54 • N, 12 • E). For the calculation of temperatures temporal and vertical samplings of 15 min and 1 km are used, respectively. This range of scales is unique and can only be covered by the combination of different lidar techniques (Alpers et al., 2004) . Altogether, more than 230 nights with more than 3 h measurement duration are examined and the presented results extend the winter-summer study of Rauthe et al. (2006) . The paper is organised as follows. In Sect. 2 short descriptions of the observational methods and the calculation of relevant gravity wave parameters are presented. An example including three consecutive nights of measurements finishes this section. The seasonal variability of vertical wavelengths, amplitudes and potential energies are shown in Sect. 3. Section 4 includes a comparison between the monthly mean temperature fluctuations and temperatures to study the transition between the seasons and the different scales of variability. In Sect. 5 the discussion of the results is presented. The conclusions are summarised in Sect. 6.
Lidar systems and data analysis
This section is divided in three parts which contain the technical base of the paper and one example from the measurements. First a brief description of our lidar systems is given. More details can be found in Alpers et al. (2004) . Afterwards the analyses of gravity wave parameters and three consecutive nights of measurements are presented.
Measurement techniques
Temperature soundings from 1 to 105 km are preformed at IAP by the combination of two different lidar systems. As shown in Fig. 1 three different methods are applied in four altitude regions from the troposphere up to the lower thermosphere. A potassium resonance lidar examines the Doppler broadening of the potassium D1 resonance line by tunable narrow band laser. This technique provides absolute temperatures between ∼85-105 km. The altiudinal coverage depends on the width of the potassium layer. With the RMR lidar the Rayleigh backscatter at 532 nm wavelength is detected which yields atmospheric density profiles (20-90 km). These density profiles can be converted to temperature profiles through integration assuming hydrostatic equilibrium and using an initial temperature value from the potassium lidar. The altitude range is divided in two parts to manage the wide range of signal dynamics. Since February 2004 the effect of stratospheric aerosols are corrected via vibrational N 2 Raman signal (608 nm), before the correction was empirical (for details see Alpers et al., 2004; Gerding et al., 2004) . Below 20 km the rotational Raman backscatter in two narrow wavelength ranges are used to measure the temperature.
One example of a temperature profile integrated over 1 h is shown in Fig. 1 . The statistical uncertainty, which is mainly caused by the photon counting uncertainty is typically 1.5-2.5 K and does not exceed 10 K. Only in the troposphere the typical observed temperature fluctuations are smaller than the uncertainties of the measurement. Using the start values for Rayleigh temperature retrieval from potassium lidar avoid errors in the upper part of the Rayleigh temperature profile. Comparisons between climatological mean and observed temperature show even differences up to 20 K. Case studies demonstrated that taking the start temperature from a climatology mean instead of the potassium lidar would give errors of up to 8 K in the temperature fluctuations.
To ensure continuous temperature profiles with a good trade-off between statistical uncertainties and temperature fluctuations the following procedure is necessary. The raw data profiles are smoothed applying an altitude-dependent filter (0.6 and 3 km at 40 and 80 km, respectively) and a running mean over 1 h with 15 min shift in time. At the end, the temperature data are binned into 1 km altitude ranges.
Gravity wave analysis
The calculation of parameters which characterise the gravity wave activity is based on the temperature deviations from the nightly mean ( T ). These values are used to calculate the mean temperature fluctuations (| T |) as an altitudedependent parameter, which are called temperature fluctuations in the following. With the temperature deviations the gravity wave potential energy density (GWPED) is derived. Two different values are distinguished: the potential energy per mass E pot,M and the potential energy per volume E pot,V . The potential energy per mass can be calculated directly from our measurements
This value depends on gravitational acceleration (g), Brunt-Väisälä frequency (N) and density (ρ) or temperature (T ). Since the amplitudes (T ) of the single waves are usually not known in observational studies which measure the net amplitude of many superimposed waves, means of amplitudes are used (T = T ). Note that this substitution results in slightly lower values. In addition, we would like to point out that only single profiles are measured by the lidar, i.e. since the waves propagate also horizontally, they propagate in and out of the measurement volume. Therefore, the waves are regarded as statistical ensemble. Multiplying E pot,M with density gives E pot,V . The density is taken from a reference atmosphere like CIRA-86 (Fleming et al., 1990) , because the results are not significantly changed if we use densities derived from the measurements itself. Therefore, we abstain from this procedure and use climatological values. As is well known the conserved quantity is the wave action, which is defined as potential energy divides by the intrinsic wave frequency. However, if the E pot,M does not increase exponentially or rather E pot,V is not approximately constant with altitude this can indicate wave dissipation.
Apart from amplitudes the vertical wavelength (λ z ) is also an important but not well-known property of gravity waves. Vertical wavelengths are calculated by wavelet analyses of single altitude profiles. A Morlet wavelet of fifth order, which is a good approach for many geophysical applications, is used (Torrence and Compo, 1998) . The minimum and maximum wavelength is 4 km and 60 km, respectively. Using 100 wavelengths (uniformly distributed in the frequency) an adequate resolution is ensured. Note the maximum distance between the resolved wavelengths amounts only 1.5 km. Because of our very large altitude range it is possible to derive vertical wavelengths from 5 up to 50 km. The nightly mean spectrum provides the mean characteristics of the single night. To determine the dominating wavelength at each altitude up to three maxima are calculated from this nightly mean spectrum. The periods are also determined by the wavelet analyses in a similar way as for λ z with appropriate parameters. Periods are calculated from the time series at every altitude. Note that the periods (P ) are obtained relative to the ground-based station (intrinsic values may be different because of Doppler shift).
Example of three consecutive nights
To demonstrate the night-to-night variability of our observations, three consecutive nights in October 2005 are presented in this section. Besides measurements at night from both lidars between 1 and 105 km there are measurements between 85 and 95 km during daylight conditions from the potassium lidar. Due to the weak signal the time resolution has to be reduced to a running mean over 2 h with 30 min shift for the continuous time series from the potassium lidar. Otherwise a calculation of temperature is not possible around noon because of high background noise level.
First we concentrate on the nighttime data containing the whole altitude range. In Fig. 2 the temperature deviation from the nightly mean with the regular time resolution of a running mean over 1 h with 15 min shift are presented. In all three nights the observed wave pattern is dominated by only few waves. Comparing the wave structures of the different nights it is obvious that the temperature variations of the last night seem to be more unstructured than those of the two nights before. Furthermore, in this night the amplitudes are about 25% smaller than in the first night.
For extracting the details of these differences vertical wavelengths and periods are calculated by wavelet analyses. The mean wavelet spectra of the vertical wavelengths are shown in Fig. 3 . Note that the spectra are smoothed to obtain an equidistant resolution concerning the wavelengths. The interpretation of the results of the triangle (the so-called 'cone of influence') is difficult because the amplitudes are underestimated and the resolution is reduced in these areas. Therefore we renounce to use the values in the "cone of influence". These edge effects are generally independent of the chosen parameters in the wavelet analysis, because they depend only on the finite length of the profiles or the time series (Torrence and Compo, 1998) .
Comparing the wavelet spectra of the nights the small amplitudes of the last night are noticeable (Fig. 3) . In the first night the dominating modes have wavelengths of about 13 km and 30 km exist in all altitudes where we are able to observe them with our measurement and analysing method. In contrast there is only one dominating mode of about 18 km in the second night. Below 60 km two other dominating vertical wavelengths of about 35 km and smaller than 10 km are also present. In the last night two dominating vertical wavelengths of about 12 km and 25 km are found.
The continuous temperature measurements of the potassium lidar in the altitude range 85-95 km allow to determine periods as well as longer than 6 h. In Fig. 4a the time series of temperature deviations at 90 km altitude are shown. It has to be noted, that for this analysis the time resolution is reduced to a running mean of 2 h with 30 min shift to calculate temperatures also at noon. Variations of about 12 h are evident in the time series (Fig. 4a ). In the results of the wavelet analyses (Fig. 4b ) the two first days are dominated by a 12 h variation with 10-14 K amplitude, which vanishes in the last night. These variations are indicative of semidiurnal tides. Furthermore, the semidiurnal tide generates about a third or a half of the total fluctuations, which is in agreement with other measurements in mid-latitudes (cp. Shepherd and Fricke-Begemann, 2004) . Shorter periodic variations (2-6 h), which we interpret in terms of gravity waves, occur intermittently but do not persist more than three hours. The amplitudes of this shorter variations are lower than 8 K.
Combining the different spectral analyses the semidiurnal tide seems to appear with a vertical wavelength of 30-35 km, because this dominating mode of vertical wavelength is the only one which is not present in the third night. In this night the semidiurnal tide is not visible in the period analysis. Simultaneously, in the absence of the semidiurnal tide the wave structures are more chaotic, which were also seen by FrickeBegemann and Höffner (2005) .
As shown before the tides influence largely the temperature fluctuations. Furthermore, the maximum duration for nighttime observations in summer are restricted due the shorter nighttime conditions. In Rauthe et al. (2006) examples for winter and summer are described and the influences of the measurement duration are studied. For these reasons the lidar measurements are restricted to a duration of 3-5 h in the following seasonal examinations in the Sects. 3.2 and 3.3. Due to the restriction we assume that the observed variations are mainly generated by gravity waves.
Seasonal gravity wave activity
The seasonal variation of the gravity wave parameters as observed by the combination of two lidars above Kühlungsborn are shown in the following paragraphs. As presented in the The different seasons winter (November-January), spring (February-May), summer (June-July) and autumn (AugustOctober) are represented by 27, 66, 56, and 87 measurements, respectively. The distribution throughout the different years and month is listed in Table 1 . Apart from some gaps in winter due to adverse weather conditions, the observations are well distributed throughout the year and allow to study the seasonal behaviour.
Vertical wavelengths
Due to the large altitude range covered by the observations the analysis of the vertical wavelengths is very effective. As described in the preceding section one dominating vertical wavelength at each altitude is derived from the nightly mean wavelet spectrum. In Fig. 5a this dominating vertical wavelength is shown at the altitude of 50 km, in which the largest range of vertical wavelengths can be resolved. The crosses represent the results of the single nights. Independent of season the dominating modes found are between 6 and 48 km, i.e. they cover nearly the entire range accessible for our measurement. The mean vertical wavelength is about 20 km (cf. monthly means in red). Due to the large day-to-day variability the dependence of vertical wavelengths on altitude is studied on the basis of monthly mean values. No seasonal variation is found at any altitude (cf. Fig. 5b ), even though a seasonal dependence would be expected. From the dispersion relation the following approximation can be derived for medium-frequency waves (e.g. Fritts and Alexander, 2003) :
with c the ground based phase speed, u the horizontal wind speed and N the Brunt-Väisälä frequency. Note that all parameters of the equation depend on the season. Unfortunately, the values of c (for single waves) and u can not be measured by the lidar. So we can only investigate the dependence on N, which is a simplification, because in the middle atmosphere the wind speeds can reach up to 60 m/s or more corresponding to a shift in vertical wavelength of roughly 20 km. Nevertheless, since N is up to 25% smaller in summer than in winter, it would be expected that λ z is larger in summer than in winter, what is not observed. But the differences between theory and observations are not surprising because of the influence of the background winds, but this effect can not be easily quantified. Other theoretical studies predict also a seasonal dependence of vertical wavelengths (e.g. Fritts and VanZandt, 1993) . A reason for the absence of seasonal dependence in our observations may be the influence of tides which have vertical wavelengths longer than 25 km. What we found in Fig. 5 however is that smaller vertical wavelengths (λ z <25 km) are more frequent than larger vertical wavelengths (for winter and summer cp. Fig. 8 of Rauthe et al., 2006) . The distributions of dominating vertical wavelengths for spring and autumn are similar (not shown). It is likely that the small vertical wavelengths are typical for internal gravity waves, whereas large vertical wavelengths can also be caused by tides. Since due to the limitation of nighttime data it is unfortunately not possible to clearly separate between gravity waves and tides.
The interpretation of the altitude dependence in Fig. 5b is difficult because at the upper and lower edge of the observed altitude range the wavelet analysis does not resolve the largest vertical wavelengths due to the edge effects (e.g. Fig. 3 and explanation in Sect. 2.3). Only altitudes which have the same distance to the edge of the observed altitude range are comparable, i.e. 20 with 80 km, 30 with 70 km or 40 with 60 km. It seems that the mean vertical wavelengths increase with altitude. To investigate this result a relation from the linear theory is used, which is valid under the Boussinesq approximation (cp. Gardner et al., 1993, Tab. 3):
The dominating vertical wavelength (λ z ) is defined as vertical wavelength of the largest scale saturated wave. This value depends on the dominating vertical wavelength in a start level (λ z,0 ), the scale height (H =7 km), the exponent of the saturated part of the spectrum (q=3) and the exponent of the unsaturated part of the spectrum (s=2). Generally, the observed increase is confirmed. But at an altitude of 20 km our observed dominating mode is about 10 km and the calculated increase towards 80 km is much smaller than expected. While we observe an increase of only about 4 km, the increase expected from Eq. 3 would have been more than 10 km. This result indicates also that the background winds influence the dominating vertical wavelengths.
The amplitudes of the dominating vertical wavelengths can also be derived from wavelet spectra (not shown). In contrast to the vertical wavelengths the amplitudes display a clear annual cycle with maximum in winter in all altitudes between 30 and 80 km. Furthermore, the amplitudes of the dominating modes increase with altitude from about 1 K at 25 km up to 2.5 K (4.5 K) at 80 km in summer (winter). These results agree with the temperature fluctuations calculated from all waves, which will be presented in the next paragraph.
Temperature fluctuations
The nightly mean temperature fluctuations of the whole year and in the altitude range between 20 and 100 km are shown in Fig. 6 . Note that the values are listed in Table 2 . For the first time this gravity wave activity is analysed from lidar measurements in such a large altitude range. As indicated above the data evaluation is limited to durations of 3-5 h to get a comparable data set in all seasons. We use the first 3 up to 5 h of our measurements including the whole altitude range. Because of the different start times of the measurements due to weather and seasonal restrictions the selected parts of the measurements have different local times every night. For this reason we avoid systematic errors due to the selection. A more detailed analysis of the influence of the measurement duration on the amplitude can be found in Rauthe et al. (2006). However, we would like to point out that a large part of the tidal contribution is eliminated in the resulting temperature fluctuations.
To underline the general gravity wave variation the data in Fig. 6 are smoothed applying a Hanning filter of ±15 d and ±2 km. Generally, the temperature fluctuations increase with height from about 0.5 K at 25 km up to about 8 K at 95 km. This behaviour is expected due to the decreasing air density. But the growth rate of the fluctuations with altitude varies throughout the year. Between 35 and 70 km altitude the increase is weaker in summer than in winter. But between 70 and 90 km the fluctuations grow faster in summer than in winter. This difference results in an annual variation of temperature fluctuations between 35 and 90 km altitude than are clearly seen in Fig. 6 . The fluctuations in winter are up to 2.5 times larger than in summer.
Potential energy
As described before the largest seasonal differences of the gravity activity appear between winter and summer. To extract these seasonal differences the seasonal values of the potential energy per volume are calculated and shown in Fig. 7 (note the logarithmic scale). The largest values of potential energy arise in winter and the smallest in summer. The values in autumn and spring are very similar and they are inbetween the values of summer and winter. If the potential energy per volume is constant with height this gives an indication of undamped wave propagation. Nearly undamped propagation is only found below 40 km in summer and autumn in our observations. Furthermore, the weakest damping occurs in the summer mesosphere (60-85 km). A more detailed analysis of damping layers in winter and summer can be found in Rauthe et al. (2006) . The large variations of the potential energy with height in winter may be a result of the small number of measurements in this season. However, the frequent occurrence of inversion layers in winter blocking gravity waves may produce the observed altitudinal variation of potential energy. Altogether our measurements show despite of only few exceptions a strong decrease of the potential energy with altitude which indicates dissipation throughout the entire middle atmosphere.
Planetary and gravity wave activity
For more detailed analyses of the different types of wave activity the standard deviations of the monthly mean temperatures and temperature fluctuations are used, i.e. the planetary wave activtiy is compared with the gravity wave activity. Moreover, the transition between the strong gravity wave activity in winter and the weaker activity in summer is studied.
The standard deviations of the monthly mean of the nightly mean temperatures are displayed in Fig. 8 . These values show the long-periodic variations of the temperature field due to the large scale atmospheric changes, i.e. the planetary wave activity. Throughout the year the planetary wave activity in the troposphere is large due to the changing weather with high and low pressure systems. Note that the planetary wave activity is slightly larger in winter than in summer. Furthermore, the variability in the stratosphere and lower mesosphere between November and February is relatively high, especially in December and January, which is due to the displacement of the polar vortex and the resulting favourable propagation conditions for planetary waves. In April and September the transition between the high winter mesopause and the lower summer mesopause is marked by a large temperature variability. Between May and August the variability of the temperatures is low, which means that the planetary wave activity is weak, especially between 10 and 70 km. The monthly mean temperature fluctuations and their standard deviations are shown in Fig. 9 . As described in Sect. 3.2 the largest seasonal differences between the monthly mean temperature fluctuations can be found between 40 and 70 km (cp. also Fig. 6) . Furthermore, the variability of the monthly means (indicated by the bars) below 80 km is much smaller in summer than in winter. In further studies, which will be published in a separate paper, we will show that during so called stratospheric warmings and associated mesospheric coolings the gravity wave activity is smaller than for mean winter conditions. The total variability of the gravity wave activity increases in the winter stratopause region and also in the lower mesosphere (cp. bars in Fig. 9 ). Above 80 km the variability is too high to identify seasonal differences (cp. also Fig. 6 ). In contrast to the temperatures and the planetary wave activ- Combining the variability of the monthly mean temperatures and the temperature fluctuations allows a comparison between the large scale wave activity, which is mainly caused by planetary waves, and the small scale wave activity caused by gravity waves. In our observations the planetary wave activity and the gravity wave activity show similar structures with season and altitude. Only below 35 km the gravity wave activity is very low throughout the year and the planetary wave activity is large in winter due to the changes in the polar vortex. In the winter stratosphere and mesosphere stratospheric warmings modify the planetary and gravity wave activity. The observations show a larger planetary wave activity and an increased variability of the gravity wave activity, especially in the lower mesosphere. The wave activity is large in the upper mesosphere throughout the year due to the general growth of the wave amplitude with altitude. Furthermore, the total variability increases due to inversion layers between 70 and 80 km (cp. Gerding et al., 2008) . In summary, the observations show that the change of planetary wave activity accompanies a change in the gravity wave activity and vice versa. Impressive examples of this coupling are stratospheric warming events which lead to an increase in the planetary wave activity and a decrease of the gravity wave activity due to the stronger filtering. We suggest that these similarities between the different scales are due to the background fields, i.e. the temperature changes due to waves which imply also changes in the wind field and vice versa. The filtering and damping of waves of all scales are also modified.
To characterise the different seasons we shortly describe the absolute temperatures, which are published in Gerding et al. (2008) , Figs. 3 and 4 . In the winter stratopause region high temperatures of more than 300 K in a single night are found in our observations due to so called stratospheric warming events. Altogether the mean stratopause temperatures are in summer slightly higher than in winter. The so called two-level mesopause structure (She and von Zahn, 1998 ) is identifiable in our measurements, but because of the variable extension of the metal layer from night to night, the higher winter-level (∼103 km) of the mesopause is not always detectable. However, for the months between May and August the lower and extremely cold mesopause at about 86 km is clearly visible. The mesopause temperature reaches about 140 K in June and July while it is about 12 K warmer in May and August.
Combining the results of the absolute temperatures (Fig. 4 of Gerding et al., 2008) and the temperature fluctuations (Fig. 9 ) some conclusions about the direction of the transition from summer to winter state are possible. In September and October the temperatures in the mesopause region are clearly similar to the winter state, but the fluctuations in the lower mesosphere and upper stratosphere are clearly similar to the summer state. This result indicates that the temperature and its fluctuations change first in the mesopause region and later in the stratopause region. There are some indications for a similar mechanism in spring. This top-down motion in spring and autumn was also observed in the winds (e.g. Hoffmann et al., 2002) . It is confirmed by theoretical conceptions as described e.g. by , in which the wave forcing changes the wind and temperature profiles and this process starts in the mesopause region.
Discussion
Comparing our results with other measurements it has to be noted that depending on the measurement method different parts of the gravity wave spectrum are resolved. Furthermore, there are no long-term lidar observations which include the whole altitude range from the lower stratosphere up to the lower thermosphere. In the following discussion only lidar measurements in mid-latitudes are used from the RMR lidar in southern France Due to vertical wavelengths all comparable measurements include only a part of the wave spectrum which is covered by our measurements. For this reason the comparison of absolute values is less useful. No indication of a seasonal dependence on vertical wavelengths are found in the lidar measurements of Gardner and Voelz (1987) and Gardner et al. (1989) , which is in agreement with our results from the whole altitude range from the troposphere up to the thermosphere. However the data of the CRISTA satellite instrument from August 1997 show a dominating vertical wavelength of 14 km in 25 km altitude in winter on the Southern Hemisphere and a 2 km larger vertical wavelength in the summer of the Northern Hemisphere (Ern et al., 2004) . Similar results have also been found for HIRDLS in the altitude range from 20 up to 55 km (Alexander et al., 2008) . But these differences are probably not only caused by seasonal effects but also by hemispheric effects, e.g. different sources of gravity waves.
As shown by our measurements the dominating vertical wavelength increases with altitude as expected by the theory. The slower as expected increase with altitude demonstrates that the mechanisms are more complex and the background winds plays an important role. This result agrees with the bases for most currently used gravity wave parameterisations (Hines, 1997a,b; Alexander and Dunkerton, 1999; Warner and McIntyre, 2001 ). These concepts were successfully applied to model, for instance, global distributions of gravity wave parameters measured by satellites (Alexander, 1998; Ern et al., 2006; Preusse et al., 2006) .
In contrast to the paper of Offermann et al. (2006) there is no indication of a dramatic change in the temperature fluctuations in the upper mesosphere in our data, which also vary with the season. Only between March and September the fluctuations increase up to 70 km slowly and above strongly. But in the other months the increase of the amplitudes is more or less continuous in our measurements.
Because of the seasonal similarity of the temperature fluctuations and the potential energy both parameters will be discussed together as gravity wave activity in the following. As shown before by Rauthe et al. (2006) there is a clear seasonal variation of the gravity wave activity in midlatitudes with maximum in winter, especially between 35 and 90 km altitude. This result is in agreement with other lidar measurements and also with data from radiosondes, satellites and rockets. Between 30 and 60 km all lidar measurements vary annually with maximum values in winter (Gardner et al., 1989; Wilson et al., 1991b; Mitchell et al., 1991; Whiteway and Carswell, 1995) . In the data of Wilson et al. (1991b) from France an additional semi-annual component of the gravity wave activity is observed above 60 km. Hence a second maximum in summer occurs, whose reason is not completely understood. They assume that the minima occur during weak mean wind intensity. The two times larger values of gravity wave activity in winter compared to the summer is also measured by the satellite instruments (e.g. Wu and Waters, 1996b; Ern et al., 2004; Alexander et al., 2008) and also by rockets (e.g. Hirota, 1984; Eckermann et al., 1995) . An analysis of the SABER data shows also a semi-annual variation (Krebsbach and Preusse, 2007) but in our latitude of 54 • N the interpretation of the data is problematic because every two months the line of sight of the instrument changes. Only if the instrument is looking northward the latitude of 54 • N is observed. In the mesopause region and also in the upper troposphere and lower stratosphere the differences between the seasons vanish more and more in all types of measurements (cp. Gardner and Voelz, 1987; Allen and Vincent, 1995; Tsuda et al., 2000; Wang and Geller, 2003; Rauthe et al., 2006) .
The cause of the observed annual variation of the gravity wave activity was discussed by different authors. On the one hand the background temperature and density play an important role to explain the winter-summer-differences as shown by Eckermann et al. (1995) , Alexander (1998) . In our data the winter-summer-ratio of the temperature fluctuation is larger than one like the winter-summer-ratio of these background parameters. Moreover the altitudinal structure agrees roughly in our data (Rauthe et al., 2006) . On the other hand the influence of the background wind via filtering is often discussed (e.g. Wilson et al., 1991b; Whiteway and Carswell, 1995) . Lindzen (1981) demonstrated this connection of wind and waves, i.e. that the wind filtering of waves is different in winter and summer due to the eastward wind and westward wind in the middle atmosphere, respectively. But with our lidar data no statement is possible yet. First the gravity waves observed by a lidar station are not necessarily influenced by the local wind field below because of the tilted propagation of the waves. Second the sources of the gravity waves may be seasonally different. In our present data set we did not find a direct correlation between the strength of the gravity wave activity and the wind direction and/or wind speed taken from ECMWF analyses (not shown). On the one hand we find that if there is a change of the wind direction, i.e. a different filtering, there is no indication for a correlated change in the observed gravity wave activity. On the other hand a large difference between wind maximum and wind minimum in an ECMWF wind profile would imply that more waves should be filtered and the observed gravity wave activity (temperature fluctuations) should be smaller. However, in our lidar observation no correlation between maximum wind differences and observed temperature fluctuations is found. Advanced analyses with ray tracing to determine the sources are necessary and also the combination of the lidar results with wind measurements of radars to determine e.g. the propagation direction of the waves.
One important result of our measurements concerning the gravity wave activity is that damping of waves is observed at nearly all altitudes and in all seasons. Even though this continuous dissipation seems to be natural most global circulation models favour gravity wave parameterisations which deposit their momentum close to regions of strong wind shear based on (Lindzen, 1981) . Due to our observations a parameterisation of Warner and McIntyre (2001) seems to be more realistic because of the continuous momentum deposition.
Conclusions and outlook
In this paper the measurements with two lidars (RMR lidar and potassium lidar) include the whole altitude range from the troposphere up to the lower thermosphere. The presented data set contains more than 230 nights with more than 1700 measurement hours. The data were analysed in terms of waves. As shown by a case study the night-to-night variability is high and depends also on tides. It seems that the presence of the semidiurnal tide produces clearer wave structures. In the whole data set monthly mean values of dominating vertical wavelengths between 10 and 20 km are observed. Even though diverse theoretical studies suggest a seasonal dependence of vertical wavelengths, no seasonal differences for the dominating vertical wavelengths are found in our data which indicate a multilayered dependence not only on the Brunt-Väisälä frequency as well as on background winds. Unlike the vertical wavelengths the temperature fluctuations and also the potential energy show a strong seasonal variation with maximum values in winter, which are up to 2.5 times larger than in summer. The causes of the annual variations are discussed in a previous paper (Rauthe et al., 2006) . It is clear that the background temperature and density explain a main part of the winter-summer-differences of the fluctuations. The differences with season are small below 35 km and above 90 km. The nightly mean fluctuations increase with altitude from less then 1 K up to 8 K. Nevertheless, damping of waves occurs nearly in all seasons and altitudes. But the weakest damping in the mesosphere is found in the summer between 60 and 85 km, which is emphasised by the results of the damping layer analysis of Rauthe et al. (2006) . Comparing the planetary wave activity with the gravity wave activity the altitudinal structure and also the seasonal structure of the variations are similar. This similarity indicates that both types of activity are coupled, i.e. the different scales depend on the same way on the background fields, e.g. on the wind. In combination with the temperature results (cp. Gerding et al., 2008) we can conclude that the transition between the winter and summer season and vice versa in the temperature and their fluctuations starts in the mesopause region and than continues in the mesosphere and stratosphere, which confirms the theoretical concept of downward-control.
The lidar technique includes the whole altitude range from the troposphere/lower stratosphere up to the lower thermosphere. The main focus of our observations is the middle atmosphere, where propagation, filtering and dissipation occur. We have shown that the large altitude range and the high temporal and spatial resolution allow to study an important part of the wave spectrum and the coupling between the scales and also between the different layers of the atmosphere. Limitations of lidar measurements are that they are only done at a single location and do not bring any information about the wind. A combination with other measurements e.g. from radars is planned to eliminate the deficiencies and to extend and affirm the analyses presented here.
